Planetary
and
Space Science

www.elsevier.nl/locate/planspasci

PERGAMON Planetary and Space Science 48 (2000) 753774

A similarity model for the windy jovian thermocline

Michael Allison

NASA, Goddard Institute for Space Studies, 2880 Broadway, New York, NY 10025, USA

Received 3 November 1998; received in revised form 15 November 1999; accepted 11 January 2000

Abstract

A new conceptual model for the observed banded wind structure of the giant outer planets is proposed, assuming a smoothly
distributed potential vorticity (PV) atop a layer of deeply seated, latitudinally variable stratification. With a vanishing horizontal
entropy contrast presumably enforced at the bottom of the flow layer by the underlying convection, the thermal-wind balance of
observed cloud-top motions implies a mapping of constant potential temperature surfaces, nearly vertical at upper tropospheric
levels, down to a deeper, flatter, but variably sloped “thermocline”. For a generally colder-poleward distribution of isentropes
consistent with the strong equatorial jets of both Jupiter and Saturn, this kind of mapping would also imply a poleward
decreasing static stability. The proposed temperature-stability distribution is just the reverse of the Earth’s troposphere, where
the strongest latitudinal potential temperature gradients are at the bottom instead of the top, with static stability generally
increasing toward the pole. The warmer—stabler correlation for Jupiter would be consistent, however, with a nearly monotonic
distribution of PV from low to high latitudes, over planetary scales for which the planetary vorticity dominates the relative
vorticity of the jets. In this way efficient PV mixing for the isentropically bounded thermocline can account for the dynamical
maintenance of the cyclonic flanks of the equatorial jet. Over latitudinal intervals comparable to the internal deformation scale,
however, the gradient of the absolute vorticity is dominated by the flow curvature, correlated for a well-mixed PV distribution
with the local latitudinal gradient of the static stability, itself proportional for the assumed thermocline structure to the local
potential temperature gradient and therefore the local departures in geostrophic velocity. The resulting correlation of velocities
and vorticity gradients would imply an alternation of the flow over the internal deformation radius set by the vertical entropy
contrast. The requisite size of the deep stability is itself roughly consistent with the diagnostic interpretation of the apparent
dispersive character and vertical wavelength of observed temperature oscillations in Jupiter’s upper troposphere and
stratosphere, as well as a plausible extrapolation of the deep sub-adiabatic lapse rate detected by the Galileo probe. Published
by Elsevier Science Ltd.

1. The problem

The observed cloud-tracked wind motions of Jupiter
and Saturn continue to pose an outstanding problem
for the theory of planetary fluid dynamics. The funda-
mental puzzle underlying all others is the maintenance
of their counterflowing jet streams, as emphasized by
Gierasch and Conrath (1993). Both planets appear to
be dominated by a quasi-axisymmetric flow structure,
but differ in the strength and latitudinal distribution of
their zonal mean velocitiecs. Both exhibit super-ro-
tational equatorial jets (exceeding the underlying ro-
tation velocity of their planetary magnetic fields,
presumably tied to their deep interiors), with speeds of
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some 100 and 400 m s™', respectively, along with alter-
nating jets at higher latitudes.

More than 30 years of theoretical, numerical, and
laboratory modeling have been devoted to jovian cir-
culation studies, variously invoking baroclinic instabil-
ity (e.g. Stone, 1967, 1971; Droegemeier and Sasamori,
1983; Read, 1986a), large-scale latent heat exchange
(Barcilon and Gierasch, 1970; Gierasch, 1976), two-
dimensional turbulent vorticity transfer (e.g. Williams,
1978; Cho and Polvani, 1996), and convectively driven
jets, either in a shallow layer (Condie and Rhines,
1994) or in deep coaxial cylinders (e.g. Ingersoll and
Pollard, 1982; Busse, 1983a, b; Sun et al., 1993; Zhang
and Schubert, 1996).
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At the high end of technical sophistication, the var-
ious studies of banded vortical structures spon-
taneously emerging in numerical integrations of
barotropic, shallow water models, as well as the vis-
cous equilibrium of convective rotation achieved via
the adjusted balance of parameterized Reynolds stres-
ses in deep cylinder models, have vividly illustrated the
organizational character of two-dimensional turbu-
lence. Still unanswered in any fundamental way, how-
ever, are the most important questions posed by the
puzzle of the Jupiter/Saturn wind systems. What
causes the east/west alternation of the observed jet
streams over some (27x)2000 and 3000 km on Jupiter
and Saturn, respectively? Why do their latitudinal cur-
vatures exceed by a factor of three or more the shear-
stability limit for barotropic flow? Why do the equa-
torial winds of Jupiter (and Saturn) blow from west to
east at some 150 (and 500) m/s? Why are the visually
brightest cloudy swirling regions mostly anticyclonic
rather than cyclonic as on the Earth? It seems fair to
suggest that no cogent and comprehensible theory,
taking a realistic account of the deep thermal/dynami-
cal structure as related to key parameters, has yet pro-
vided either a conceptual or a quantitative answer to
these questions.

Some progress has been made in the identification
of certain diagnostic scaling relations likely to be of
controlling importance for the zonal circulation bal-
ance. It has long been recognized that the speed U and
horizontal scale L of the jovian winds are character-
ized by a very small Rossby number (Ro=U/QL)
measuring the relative strength of the inertial and Cor-
iolis accelerations on a planet with a rotational fre-
quency Q (e.g. Hide, 1966). The observed zonal wind
profiles, as well as numerical experiments with two-
dimensional (barotropic/shallow water) models, also
imply a horizontal organization for the jovian current
systems comparable to the “beta radius” Lg=~ (UIp)'2,
where U is the zonal velocity and =2Qcos//a is the
planetary vorticity gradient at latitude A (with a denot-
ing the planetary radius). A second condition on the
zonal velocity and associated length scale could be set
by either the horizontal or vertical temperature—density
contrast, via the geostrophic thermal wind balance or
the baroclinic deformation radius (cf Gierasch and
Conrath, 1993). Simple estimates of the possible size of
these likely to be imposed by the latent heat release
and differentiated molecular weight of a deep water
cloud are tantalizingly comparable to the diagnostic
requirements, at least in the case of Jupiter, but have
so far eluded the incorporation of a predictive model.
Of course the atmospheric stratification is well defined
for the accessibly measured tropopause and strato-
sphere regions. While it may be tempting to take as a
given external parameter the apparent near-coincidence
of the associated deformation scale at these levels with

the horizontal jet spacing (or to take the stratospheric
scale height as the thickness of a one-layer model),
Gierasch and Conrath warn that the vertical structure
at these levels is unlikely to provide a responsible con-
trol for the cloud-tracked winds below. Similarly, the
infrared measurements near the tropopause reveal little
more than the apparent reduction in the strength of
jets aloft, as inferred by the correlated latitudinal tem-
perature gradient and vorticity at these levels (e.g.
Gierasch et al., 1986), and the measured vertical profile
of Jupiter’s equatorial jet by the Galileo Doppler wind
experiment (Atkinson et al., 1998) suggests that this
trend toward weaker flow above may begin as deep as
4 bars.

Again, the essential difficulty hinges upon the uncer-
tainty as to the wind, temperature and compositional
structure below the visible cloud deck, not directly
accessible to the remote sensing observations thus far
afforded by planetary spacecraft, and only locally
characterized by the Galileo probe down to a level
near the end of its telemetry link where the static stab-
ility and water abundance are apparently increasing
with depth toward as yet unknown values (cf Young,
1998). Nevertheless, Gierasch and Conrath have
argued that “‘the gross dynamical parameters, such as
density stratification and rotation rate, are the keys to
their behaviors, rather than the particular specifics of
radiative forcing, cloud distributions, (or) thermodyn-
amic transformations”. If this view is correct, then a
simple parametric model for the conceptual under-
standing of the outer planet circulations must be
regarded as a worthwhile prospect.

Are there any overlooked or as yet unaccounted
clues to the parametric understanding of the jovian at-
mospheres? Gierasch (1976) argued that the jovian
meteorology may be characterized by a unique regime
in which the vertical variation of the potential tem-
perature is small compared with its horizontal vari-
ation over latitude, implying nearly vertical isentropes
(as mapped with an aspect ratio on the order of the
pressure scale height/planctary radius) and a two-
dimensional motion field consistent with the apparent
beta scaling for the spacing and velocity of the jets.
More recently, Allison et al. (1995) showed that the
inertial stability of the measured equatorial jet profiles
of the giant planets imply a Richardson number (the
squared ratio of the Brunt—Vaisidla frequency to the
vertical wind shear per scale height) Ri < 1/Rog=
2Qacos/ /U, consistent with the vertical isentropic con-
figuration characteristic of the conjectured regime,
peculiar to the jovian atmospheres.

The diagnostic study of the observed spatial-tem-
poral behavior of waves on Jupiter provides some con-
straints on the static stability at deeper levels. The very
existence of large-scale (Rossby wave) features in Jupi-
ter’s equatorial atmosphere apparently drifting to the
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west with respect to the zonal mean flow (Maxworthy,
1985; Allison, 1990; Ortiz et al., 1998) implies that
these at least are configured in a ‘“‘shallow” (hydro-
static) layer of a small vertical-to-horizontal aspect
ratio, since the propagation of planetary-scale waves
within a deep cylindrical geometry would instead be
toward the east (Leovy, 1985; Ingersoll and Miller,
1986). Moreover, the diagnostic estimates by Allison
(1990) and Ortiz et al. (1998) of the static stability
required for the tropospheric ducting of these equator-
ial waves are roughly consistent with related estimates
by Ingersoll and Kanamori (1995) for the expanding
propagation of the mid-latitude Shoemaker—Levy
(SL9) impacts as apparent (‘“‘shallow water’) gravity
waves. They are also consistent with plausible con-
straints on the westward drift of Jupiter’s Great Red
Spot and White Oval features, interpreted as solitary
vortices (Williams and Yamagata, 1984; Williams and
Wilson, 1988). Taken together, these wave feature
diagnostics for several independent observations
strongly suggest a hydrostatic and effectively horizon-
tal flow system, with an internal deformation scale
comparable to the spacing of the jets. Most recently,
the final analysis of data from the Atmospheric Struc-
ture Instrument on the Galileo probe at pressures
greater than 15 bar (Seiff et al., 1998) ““indicate a sig-
nificant sub-adiabatic temperature gradient by up to
0.5 K/km at 22 bars”. The accumulated evidence and
now the in situ observation of a statically stable region
in Jupiter’s deep atmosphere, presumably overlying a
convective interior, represents both a challenge and an
opportunity for the formulation of a comprehensible
theory for the jovian circulation.

2. PV-O perspective mapping

The thermodynamic state of the atmospheric motion
field is conveniently mapped as potential temperature ®
= T(po/p)" representing the kinetic temperature of a
parcel at a pressure p brought adiabatically and rever-
sibly to a reference level po, with k¥ = R/c,, the ratio of
the gas constant to the specific heat at constant press-
ure (Bohren and Albrecht, 1998). Maps of ©, strictly
proportional to the logarithm of the entropy, provide
a ready visualization of isentropic layering. Although
for terrestrial purposes po is usually defined as the
1000 mb mean surface pressure, in extraterrestrial ap-
plications it is important to remember that the poten-
tial temperature is really a gauge function specifically
calibrated in terms of a particular, but perhaps differ-
ent reference pressure, which must be factored into a
comparison of numerical values or the conversion to
kinetic temperatures as these pertain to different
models or atmospheres.

As suggested by the figure on the cover of the text

by Pedlosky (1987), iso-layered surfaces of an appli-
cable conserved quantity, such as the potential tem-
perature of an atmosphere, may be regarded as a
“reservoir’” of vorticity, effectively released wherever
these surfaces are pulled apart. The explicit formu-
lation of this quantity, known as the potential vorticity
(PV), can to good approximation be represented
according to standard notation as g=p ~'({+/£)90/0z,
essentially the product of the relative plus planetary
vorticity and the static stability, divided by the atmos-
pheric density. (Appendix A reviews the exact ex-
pression for zonal-mean baroclinic motion, along with
the approximate PV formulation for gradient-balanced
flow, taking account of the special Richardson—Rossby
regime of likely relevance to the Jovian atmosphere.)

Fig. 1(a) depicts the latitude—height structure of the
potential temperature and PV for the Earth’s northern
winter hemisphere, as calculated from the data pub-
lished by Oort and Rasmusson (1971), using Eq. (Al)
as given in the Appendix. Tropospheric temperatures
are generally colder-poleward, as for the geostrophic
balance of the “sub-tropical jet”, with a reversed lati-
tudinal gradient above 200 mb. (Note that this section
is arranged with latitude increasing toward the right.)
The observations show that the strongest horizontal ®
gradients are at the bottom, where isentropic surfaces
hit the ground. ® necessarily increases upward at all
levels (above the ~1 km boundary layer), as for a stati-
cally stable atmosphere, but the vertical ® layering
from top to bottom is more pronounced toward the
Earth’s pole, roughly twice as strong there as over the
equator, where the top-to-bottom change in ® is com-
parable to the equator-to-pole contrast at the surface.

Hoskins (1991) offers an insightful interpretation of
the associated PV structure as it relates to the general
circulation, referring to the 2 PVU surface as a “‘quasi-
conservative tropopause”. Sun and Lindzen (1994)
emphasize the obliging appearance of PV smoothing
along isentropes within the extratropical troposphere
as a basis for the parameterization of the baroclinic
eddies. Within the tropics, however, PV surfaces cut
sharply across the isentropes. Hoskins notes that it is
presumably only “by chance” that the lowest (300 K)
isentrope to intersect the dynamical tropopause at 2
PVU also just grazes the Earth’s surface in the tropics.
But notice that at and below 200 mb, and within the
“sub-tropical” region bounded by the westerly jet, the
PV is less than half its polar value at the same levels,
and only slowly increasing poleward of 40° latitude.
Panel (b) of Fig. 1 shows the essentially smooth latitu-
dinal variation of the Ertel PV at the 200 and 350 mb
levels. This behavior contrasts with that above the tro-
popause, where the PV varies rapidly over latitude
even near the equator.

As emphasized by Hoskins et al. (1985), the global
distribution of the Ertel PV, together with some con-
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straint on the mass under the isentropic surfaces and
appropriate boundary conditions, permit the deduction
of the wind and temperature fields. This so-called
“invertibility” principle suggests that the PV frame-
work could enable a geometrical understanding of pla-
netary atmospheric circulations. Although the Earth is
so far the only planet for which detailed PV distri-
butions are actually measured, Allison et al. (1994)
have presented evidence that the very different atmos-
pheric circulations of Venus and Titan may be ap-
proximated by the limit of zero PV within the latitudes
of their wind maxima. Barnes and Haberle (1996) have
shown the results of numerical modeling experiments
suggesting a similar low-PV state across the wide Had-
ley cell of Mars. As added to recent and related his-
torical thinking about atmospheric vortices and
oceanic currents (e.g. Eliassen and Kleinschmidt, 1957;
Huang and Stommel, 1990; Polvani et al., 1990), these
results encourage a consideration of the possibility
that the jovian jet streams are also configured by some
well-mixed distribution of PV. A specific modeled
account of this and the way it will likely differ from
the more familiar terrestrial systems must, however,
reflect the likely vertical/latitudinal distribution of po-
tential temperature for a wind layer bounded from
below by a convective fluid interior.

3. A jovian thermocline model

Fig. 2 illustrates a possible configuration for the
likely very different latitude—height structure of Jupi-
ter’s atmosphere, consistent with the modeled vertical
structure shown in Fig. 3. If the zonal winds are con-
fined to a “‘shallow” region (of a small depth com-
pared to the ~2000 km horizontal scale of the
motion), then in the absence of a rigid lower boundary
within a fully fluid interior, the horizontal entropy gra-
dient must be expected to vanish at the lowest level of
the motion, since otherwise the flow would be sheared
there. Such a lower, nearly isentropic state could be
enforced by the giant planet’s internal convection. But
the confinement of large-scale motions above some
fixed pressure level overlying an isentropic interior also
demands a significant horizontal entropy contrast
somewhere within the dynamic layer aloft for the geos-
trophic balance of the zonal currents. For vertically
hydrostatic, pressure-balanced flow, and for the small
Rossby number regime characteristic of Jupiter’s zonal
winds, with U/2Qacosi<<1, the thermal wind equation
(A2) reduces to a direct relation between the latitudi-
nal temperature gradient and the vertical wind shear,
with 9, T =e"9,0~ — (2Qasini/R)3.-U, using a
subscripted /. and z* to indicate partial differentiation
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Fig. 1. (a) Latitude—height section of the zonal-mean potential temperature and Ertel PV for the Earth’s northern winter hemisphere. ® is con-
toured in dashed 30 K increments, increasing upward from 270 K just above the polar surface. Solid contours of PV show surfaces of 0, 0.5, 1,
2, 5, and 10 PVU, increasing poleward (1 PVU=10"° m? s™' K). The 2 PVU surface, shown as a heavy line, may be regarded as a “dynamical
tropopause” intersecting the dashed circle marking the 38 m s™! isotach for the westerly jet at 30° latitude. The thermal tropopause at the inflec-
tion in the vertical temperature profile (not shown here) resides at the higher 100 mb level. (b) The latitudinal variation of the Ertel PV shown as
solid curves at the 200 mb jet level, with a high-latitude attainment of 6.8 PVU, and the 350 mb level, with a high-latitude attainment of 2 PVU.
Dashed curves show for comparison the normalized deficit of the squared latitudinal potential temperature contrast at each level with respect to
its value at 75°, i.e. [l—(AH®(A)/AH®(O))Z]q75:, where Ay®(1)=0(1)—0O(75°) calculated from temperature—wind data tabulated in Oort and Ras-

musson (1971) up to 75° latitude.
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Fig. 2. Schematic illustration for the proposed Jupiter thermocline, showing contours of constant potential temperature in upward-increasing
increments of 10 K. The zonal flow layer is presumed to be bounded from below by the interior convection, enforcing a vanishing horizontal
temperature contrast at the bottom. Thermal wind balance implies a latitudinal potential temperature contrast aloft and static stability requires a
comparable vertical contrast. The resulting correlation between cooler regions and weaker static stability (less compacted vertical layering) is just
the reverse of the temperature-stability correlation for the Earth’s troposphere shown in Fig. 1.

with respect to latitude and the log-pressure elevation
In( po/p). Horizontal temperature gradients above an
isentropic interior also imply vertical stratification
above the interface, with static stability requiring a
vertical potential temperature contrast at least as large
as the equator-to-pole contrast, as illustrated in Fig. 2.
But if, as anticipated by Gierasch (1976), the potential
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temperature within Jupiter’s wind layer has a separable
vertical/horizontal structure (as it would, for example,
in the limit of adiabatic stratification), then the ther-
mal wind shear equation can be vertically integrated
and evaluated in terms of 9,0 at some level. Such a
special “‘similarity’ structure can be posed in a way
that reflects the likely deep seated static stability
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Fig. 3. An example of the modeled vertical profiles of temperature (K) and static stability (VH in m/s) for Jupiter’s deep atmosphere, as given by
Egs. (1a) and (1b), assuming a bottom level pressure of 44 bar and 6=0.59. The dashed curves indicate the (stabler—warmer) equatorial profiles,
while the solid curves represent the poles. The extension of the model profiles above 3 bars takes rop=Aze*" {1+ tanh[(2/3)(z* — Z5)]} as a
simple analytic representation of the upper level variation of the potential temperature, with Ay ~ kTiop/(2/3+ 1K), Z7~ In( py/0.1bar), and
Tirop= 124 K/2'* (cf Cess and Khetan, 1973). The heavy dotted profile represents the measurements by the Galileo probe Atmospheric Structure
Instrument (ASI), as reported by Seiff et al. (1998). The dots in the static stability plot provide a comparison with observational constraints. The
topmost dot represents the tropopause at 140 mb, the dot at 2 bar corresponds to the Ri = 1 constraint inferred from the vertical shear measured
by the Galileo probe (Atkinson et al., 1998), with NH > [3U/dz*|, while the (0.5 K/km) stability at 22 bar is based on the analysis of the deepest
data from the Galileo ASI (Seiff et al., 1998). The stability implied by the SL9 waveguide diagnosis by Ingersoll et al. (1995) corresponds to the
bottom of a wave guide for the case in which NH increases directly with the pressure, as for the plotted example.
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implied by recent observations and constitutes the first
essential assumption for the proposed jovian thermo-
cline model, explicitly stated as follows.

Assumption 1. Warmer—stabler similarity structure for
the “‘jovistrophic” flow

Hypothesis: The deep jovian wind layer is configured
with an everywhere statically stable, geostrophically
balanced, but isentropically lower-bounded thermo-
cline, with a separable vertical/latitudinal linkage of
warmer temperatures to stabler stratification of the
form

O, ) = e T(4, z¥)

= Ty +[0(2) + AOY(1 — e ~*/%) + Orop(z"),

with 0(0°) = A0 and 0(+90°) = 0, (1a)
so that

(2, z)=R-¢9..0
= (RAO/S)[1 4 0(2)/A0)e™/°T9%" 4 Trop (1b)

and
9,0 = (1 —e77%9,0 = —e (2Qasinl/R).-U  (lc)
or

U(Z, z¥) = —(R/2Qasinl)J(z*)d,0 where

Lk

J(z¥) = J e (1 —e 7 /0)dz
0

=k "1 —e™) =51 +k0) [l —e /9 (14)

To denotes the (assumed constant) temperature at the
base of the flow layer at a pressure pg, 6(1) the hori-
zontally variable part of the potential temperature
field, measuring its departure from the vertical contrast
A6 at the pole, ¢ the vertical scale for the deep stati-
cally stable region, and U the (assumed geostrophic)
zonal flow. (The adopted equator-to-pole contrast,
0(0)= A0, is chosen for consistency with a second key
assumption relating the latitudinal PV distribution to
the relative horizontal variation of potential tempera-
ture, as specified below.) The static stability for the
assumed model is given in terms of I'=R-
e "90/3z* = R(dT/3z* + RT/c,), using the notation
defined on p. 61 of the text by Haltiner and Williams
(1980), in a form equivalent to the squared product of
the Brunt—Vaisdla frequency and the pressure scale
height, i.e. with I' = (NH)? where N = (gd In ©/3z")">
and H = RT/g. J(z¥) is the vertical “form factor” for
the height distribution of the jets. Since this is indepen-
dent of latitude, the zonal velocity at each level is
linked in a self-similar way to that at some evaluated
“control level” z} for which the full latitudinal profile

can be calculated or observed, with U(L, Zz%)
=U(A)J(z")/J.. As evaluated at =z, J.=
Jz)~x (1 —e™™%)—=4, for § < 1 and z>2. The last
term Otop in (la), and the related I'rop in (1b), can be
specified as some function of z* representing the stable
stratification near the tropopause, so as to facilitate
the plotted extension of the deep modeled structure up
to levels near the infrared sounding level, but are
assumed to be negligible at pressures greater than ~1—
3 bar. Also neglecting vertical variations of the gas
constant and specific heat in response to changes in
mean molecular weight and the ortho—para hydrogen
state, the proposed recipe for the ©® structure will
simply fix x = R/c,=0.3 with R = 3600 m* s> K.

Evidence/rationale. Jovian atmospheric wave diagnos-
tics based on the apparent dispersive properties of
observed equatorial features (Maxworthy, 1985; Alli-
son, 1990; Ortiz et al., 1998), the westward drift of
vortices (e.g. Williams and Yamagata, 1984), and the
SL9 shock propagation (Ingersoll and Kanamori,
1995; Hammel et al., 1995) all imply stable stratifica-
tion at some deep (but hydrostatically ‘“‘shallow’)
level, consistent with a deformation scale comparable
to the spacing of the counterflowing jets. (A further
account is given in Appendix B.) Galileo probe
measurements by the Atmospheric Structure Instru-
ment (Seiff et al., 1998) provide further corroboration
of a downward-increasing deep static stability below
15 bars, and the measured downward increase of the
water mixing ratio suggests a consistent trend in the
deep stable layering of mean molecular weight. The
assumed static stability at deep levels is likely sup-
ported by chemical phase changes (e.g. Barcilon and
Gierasch, 1970; Gierasch and Conrath, 1985; Del
Genio and McGrattan, 1990) or radiative transport
(Guillot et al.,, 1994). For the particular choice of
0=(2—x)"" ~ 0.59, as for the example shown in Fig. 3,
the stability of the deep wind layer (for z* <z} —3
assumes the simple form of r =
(RAO/5)(1 + 0/A0)e >, with NH increasing in direct
proportion to the pressure, the same as for the tropo-
spheric waveguide of Ingersoll et al. (1994).

The isentropic lower boundary for the assumed hori-
zontal/vertical entropy contrasts aloft would be con-
sistent with convective mixing just below the wind
layer, and necessarily implies a direct geometrical link-
age between static stability and horizontal temperature
contrasts of a form represented in Fig. 2. Although
assumed to vanish at the bottom (z*=0), level, the
horizontal ® gradient as specified by (lc) approaches
its full value (somewhere below z%) for z*>6. The
horizontal gradient of kinetic temperature for the
adopted model, 9,7T=e¢" 9,0, and therefore also
the model vertical wind shear, vanish at z*=0, but
increase to a maximum at a level z,,x=0 In[(1/0+x)/
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k]. For 0 ~ 0.2-0.6, for example, z,.x &~ 0.5—1, with
(0T/02 )max ~ 0.7 x 90/d4. Above this level, the modeled
horizontal temperature gradient and wind shear begin
to fall linearly with height. For a flow depth as shallow
as 30 bar, the horizontal kinetic temperature gradient
at the 150 mb level according to the idealized model
would be (0.15/30)* or about 1/5 times 980/d. (and
still smaller for deeper flows). But if, as the Galileo
probe Doppler data suggests, the upper tropospheric
decay of the zonal jets modeled by Conrath et al.
(1981) should extend below the level where horizontal
temperature gradients can be reliably retrieved from
infrared measurements, the deep gradients of the
jovian thermocline would be entirely hidden from
those detectable by available remote sensing.

Assumption 1 provides a similarity relation between
the latitude—height potential temperature and the
zonal wind field, plausibly consistent with the peculiar
features of the jovian flow regime. The assumption of
a second temperature—wind relation in terms of the as-
sociated PV distribution provides an example of the
dynamical closure needed to account for the observed
configuration of the zonal jets.

Assumption 2. PV-0 balance for cool-cyclonic shear

Hypothesis: Assume that at some specified level z}
the normalized PV of the jovian thermocline, as pre-
scribed by Eq. (A8) in the Appendix, is distributed
over latitude as Il = I1(4, z}) =1 — (0/A0)%, so that
the normalized absolute vorticity matches the deficit of
the relative variation of the horizontal potential tem-
perature contrast, i.e.

M.() _ (f—dU/add) . .
1+0/A0 — 201 +¢) (1 —0/A0)Sign(1) 2)

with Sign(4) equal to +1, 0, or —1 for / positive,
zero, or negative, where U, denotes the geostrophic
thermal wind at level z} and ¢ the ratio of the relative
to planetary vorticity at the pole.

Evidence/Rationale. At one level this parameterization
for the latitudinal variation of the normalized PV II,
may be regarded as a plausible interpolation providing
a functional link to the 0-field for a presumed smooth
variation between its given unitary value at the pole,
where 6/A0 is by definition zero, and the zero equator-
ial value for symmetric stability (cf Stevens, 1983), as
for 6/A0=1. Essentially, the same temperature—vorti-
city relation would obtain with II.=1 over a restricted
range of mid-to-high latitudes for which 6<<Af. At the
level of physical reasoning, (2) may be viewed as a
simple recipe for the jovian vorticity—temperature cor-
relations inferred from the diagnostic—geostrophic
analysis of the observed wind field. Over the global

scale of variation, neglecting the relative vorticity as
compared with the planetary vorticity, (2) implies that
in low latitudes where f/2Q is small, the temperature
must be warmer (and the stability larger) as compared
with high latitudes where f/2Q approaches unity, con-
sistent with the latitudinal geopotential drop for a wes-
terly equatorial jet. In the vicinity of a fixed latitude
for which the variation of f can be neglected, the
inspection of (2) suggests that cooler regions in the
deep wind layer will possess more cyclonic relative vor-
ticity (larger —dU/ad/) than warmer regions, as antici-
pated by Ingersoll and Cuzzi (1969). The implied
stability—vorticity relation is also consistent with that
for long-lived anticyclonic vortices numerically simu-
lated by Williams (1997) for a baroclinic jovian atmos-
phere. (As shown in Fig. 3 of his study, stable
anticyclones are both warmer and more stable at
depth than their surroundings.) Note that as given (2)
is not the same as either uniform or “piecewise con-
stant” PV over latitude or along isentropic surfaces.
As interpreted for the Earth, with 6 and A8 respect-
ively evaluated as the continuous latitudinal and
equator-to-pole contrast in potential temperature at
the 200-300 mb level, 1—(0/A0)*> shows a reasonable
correlation with the normalized variation of the Ertel
PV assessed from actual measurements at the same
levels, as shown in Fig. 1(b).

As reviewed above, there are several indications
from previous work that the wind field will also be re-
lated to the horizontal “beta scale” (U/Bo)"?, where B
= 2Q/a characterizes the planetary vorticity gradient.
In anticipation of an explicit realization of these lin-
kages in the theory outlined here, the vertically inte-
grated ‘‘jovistrophic” thermal wind equation (1d),
evaluated at a level z}, can be calibrated in terms of a
(constant) “deformation scale” Lp, as

3,(0/A0) = —(ByL3) 'sink - U, (3a)
where
/2
L= ﬂ(;lj U(2)sink dJ = (J.RAD)/4Q>. (3b)
0

Given some choice for the evaluated level z¥, and
therefore the associated value of J., this uniquely spe-
cifies the relationship between A6, Lp and the wind
field U.(4). (For zi anywhere between 2 and 4 scale-
heights above the bottom of the flow layer and ¢ <
0.6, for example, J. would lie in a range of approxi-
mately 1-2.) Unlike the familiar usage of quasi-geos-
trophic theory, with an internal deformation radius
defined as NH/f, here Lp is calibrated with respect to
the pole, where f(90°)=2Q and the static stability at
the bottom of the wind layer is ['g=(RA0/d), so that
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by (3) the deformation scale as defined for the jovian
thermocline is also given as Lp=(J.01)"?/2Q. But as
defined here Lp is uniquely given in terms of the lati-
tudinal integral of U.(1).

Table 1 summarizes the key parameters for selected
jovian thermocline models, including a more shallow
(moist—convective?) alternative to the example illus-
trated in Fig. 3, with fixed choices for their defor-
mation scales, as evaluated with (3b) for their modeled
latitudinal profiles presented below. Although the
actual depth of the wind layer is not known, py, and T,
must be consistently chosen so that the implied “‘adia-
bat”, as adjusted by A0 over a thickness §, matches on
to the observed temperatures aloft, while Af in turn
depends upon the vertical integration factor J. for the
level z¥. At the present time the (perhaps variable)
~0.5—1 bar level for the cloud tracked winds is the
only level for which the link between the vertical struc-
ture parameters and the latitudinally integrated flow
profile can be observationally calibrated. Both the
Galileo probe Doppler data and the Voyager infrared
measurements suggest that the winds are actually
stronger at somewhat deeper levels, therefore likely to
be more relevant to the evaluated top of the still dee-
per region of the stronger-upward shear. (The implied
temperature contrasts for the geostrophic balance of
stronger flow at deeper levels are necessarily reduced
aloft by some dissipative process in concert with the
observed shear toward upward-weaker winds.) While
many different choices are possible, in order to fix the
evaluation and comparison of other parameters for the
examples considered here, z is assumed to coincide
with the 3 bar level for the given examples. The results
are not greatly different from those for z fixed at
either 2 or 4 bars, owing to the slow variation of the
integration factor J(z*) at upper levels.

A stable layer with a bottom pressure of 44 bar and
0 ~ 0.6 (the example shown in Figs. 2 and 3) might be
supported by the radiative transfer model of Guillot et

Table 1
Selected examples of vertical structure models for Jupiter and Saturn

al. (1994). Their re-evaluation of Jupiter’s deep vertical
structure with the most recent opacity data suggests
that in the absence of condensed water a statically
stable layer could exist between the 200 and 500 K
levels. Depending on as yet uncertain opacity contri-
butions of minor metallic constituents, other still dee-
per stable layers could be supported by efficient
radiative transport at levels exceeding tens of kilobars.
As noted by Gierasch and Conrath (1985) the conden-
sation of SiH; and MgH clouds might also impose
statically stable layers at comparably deep levels.
Alternatively, a latitudinally variable water cloud for a
super-solar oxygen abundance could mediate the
required entropy contrasts at the ~25-30 bar level, by
some differentiation of both latent heat and mean mol-
ecular weight (cf Gierasch and Conrath, 1985; Del
Genio and McGrattan, 1990), with the sub-saturated
measurement of water by the Galileo mass spec-
trometer (Niemann et al., 1998) representing a local
departure from a larger abundance elsewhere. Banfield
et al. (1998) assert a probable identification of an iso-
lated water cloud below 4 bar in Galileo imaging of
the Great Red Spot region (necessarily implying a
super-solar abundance at that location) while Sro-
movsky et al. (1998) infer a relative humidity from the
probe net flux radiometer less than 10% at all sampled
levels. The apparent factor 10 increase of the measured
water abundance with increasing depth between 12
and 19 bar at the probe entry site, as reported by Nie-
mann et al. (1998), cannot, however, be explained by
the chemical equilibrium of a sub-solar mixture. (A
sub-solar water abundance in chemical equilibrium
would imply condensation above the 5 bar level with
uniformly distributed vapor below inconsistent with a
factor 10 increase over scale-height deeper levels.)
Although the deep Saturn adiabat (not plotted) is even
less constrained by available observations, the extra-
polation of its cloud-top temperature implies a colder
interior, so that water condensation could occur at

Parameter

Saturn
(moist/convective?)

Jupiter
(dry/radiative?)

Jupiter
(moist/convective?)

Deformation scale Lp (km)

Control level pressure p. (bar)

Bottom pressure p, (bar)

Bottom temperature 7} (K)

Vertical stability scale o

J.. factor at z = In( po/pc)

Deep potential temperature contrast (ref. to pg) A0 (K)

Maximum horizontal kinetic temperature contrast (K)

Pressure level of maximum horizontal kinetic temperature contrast (bar)
Horizontal temperature contrast at 150 mb (K)

1400 1400 2870
3 3 3
44 30 100
460 390 300
0.59 0.2 0.59
1.35 1.47 1.7
50 46 147
36 39 105
14 17 33
9 9 21
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much deeper levels than on Jupiter with a larger jump
in potential temperature consistent with Saturn’s stron-
ger winds.

It may be noted that (2) and (3) imply that the lati-
tudinal gradient of the parameterized PV at level z is
3,11, ~ 2sinA(0/AO)U./BoL3. Necessarily zero at both
the equator and pole, this latitudinal PV gradient
would be expected to vary elsewhere in step with wind
and temperature variations, but more slowly at high
latitudes where (6/A8) and U, are relatively small. The
latitudinal PV gradient for the adopted parameteriza-
tion is reminiscent of certain quasi-geostrophic con-
straints on the “steering level” for baroclinic eddy
transports (cf Held, 1982), and might eventually find
less speculative placement in this context. It is not
necessary that the actual PV gradient assume precisely
this form, however, which may need to be modified for
Uranus and Neptune. The given PV-O recipe merely
provides a tractable closure for a simple model of the
latitudinal wind profiles of Jupiter and Saturn, illus-
trating their inertial control in terms of a direct link
between their internal deformation scales and the
strength and widths of their currents.

4. Latitudinal profiles and sections

Egs. (2) and (3), as based on assumptions 1 and 2
above, imply a closed system for the latitudinal vari-
ation of the potential temperature and the zonal vel-
ocity. A simple exposition of the model parameter
dependence as applied to Jupiter and Saturn is
afforded by its approximate analytic solution. Consider
first a planetary scale regime for which the relative vor-
ticity is neglected compared with f, as appropriate to
the global circulation averaged over the smaller-scale
variation of the jets. Then with the assumed neglect of
9,U and ¢ in (2) the PV balance reduces to 6/A6 ~
I—sin / in the planetary approximation, which with
(3) implies that U.~B,L3 cot L. The implied cyclonic
intensification of the westerly flow toward lower lati-
tudes must break down somewhere close to the
equator, however, where as 6/A68 approaches unity, (2)
would instead reduce to —a '9,U ~ —f, as for an
anticyclonic shear zone. This may be reasonably sup-
posed to occur where the planetary vorticity f is
matched by the assumed negligible relative vorticity of
the global cyclonic shear, with —a7'9,Ux
ﬁOLf)/a)_zz%M (in the small-angle approximation), at
a critical latitude A, ~ (Lp/a)*?, and a corresponding
equatorial velocity U.x fyL3/4c~ 2Qa(Lp/a)**. With
Qa = 12,568 m s~ ! for Jupiter, and a choice of Lp =~
1400 km, comparable to the observed inverse horizon-
tal wavenumber of the high-latitude jets, U, ~ 130 m
s~ and 1. ~ 4° latitude. Using Lp ~ 3000 km for the
somewhat wider spacing of the high-latitude jets on

Saturn, where Qa = 9872 m s!. the same relations

give U, ~ 360 m s~ and /. ~ 8°. Despite some vari-
ation among the cloud-tracked wind studies for the
equatorial regions of Jupiter and Saturn (e.g. Limaye,
1986; Beebe et al., 1996; Sanchez-Lavega et al., 1993),
perhaps owing both to temporal variability and wave
dispersions there, these appear to be respectable esti-
mates for the equatorial jets.

An account of the high-latitude alternation of the
jets must include the modulation of this rudimentary
trend for the global scale motion by their relative vor-
ticity contribution to the total PV balance. Upon the
elimination of 0/A0 between (2) and (3), the latitudinal
variation of the zonal velocity may be specified as

d?U,/d2* + (1 4+ &)(a/Lp)* | sind | U, ~2Qacos) (4)

Note that Eq. (4) is neither a restatement of the Char-
ney and Stern (1962) criterion for baroclinic instability,
as derived from the terrestrial quasi-geostrophic theory
for a horizontally uniform static stability, nor a rep-
etition of the marginal barotropic stability criterion for
the shallow water model (cf Williams and Yamagata,
1984), where Lp is given in terms of a constant
mean thickness parameter. In contradistinction with
the usual criterion for a vanishing quasi-geostrophic
PV  gradient, with w,~f+ U/L3, here u,~
B—U]lsini| /L3, ie. with the term directly pro-
portional to the flow velocity of the opposite sign as
for the usual equivalent barotropic systems. The posi-
tive augmentation of the planetary vorticity gradient
for easterly (westward) jets admits a much larger lati-
tudinal flow curvature than the barotropic criterion,
consistent with cloud-tracked wind observations
(Limaye et al., 1986; Ingersoll and Pollard, 1982). This
is again a direct consequence of the strongly variable
warmer-where-stabler stratification for the assumed
jovian thermocline, as opposed to the observed weakly
variable cooler—stabler correlation for the terrestrial at-
mosphere (or the thicker-cyclonic shear correlation for
neutral barotropic stability in the shallow water
model).

In the vicinity of some fixed mid-latitude Ay for
which the local variation of sin A can be neglected,
Eq. (4) assumes the form of a simple harmonic
oscillator equation for U, implying an alternation of
the flow over a horizontal wavelength of 27n-
Lp/+/sinky. Taking account of the continuous vari-
ation, an approximate representation of the implied
alternation of velocity over mid- to high-latitudes
can be constructed from the sum U./ByL3 =~
A(sinZ) ~V?sin[(sind)/*2ai/3Lp] + cot 1, where A is
some constant. This mimics the slow variation of the
latitudinal wavenumber of the jets with the approxi-
mation (2a/3Lp)(1 + A/2tan)(sind)"? ~(a/Lp)(sin2)"/?,
so that d’U./dA*~ —2Qa - A(sind)"*sin[2a/(sin1)'/?/



762 M. Allison | Planetary and Space Science 48 (2000) 753—774

3Lp] + terms of order Lp/a for Z>/.. Such an approxi-
mation clearly demands a parameter setting with
Lp/a<1, but this appears to be appropriate for both
Jupiter and Saturn. Although (2/3)(1+4/2 tan 1) is
as small as 2/3 at the pole, it approaches its unitary
estimate toward low latitudes where the jet ampli-
tude A4 (relative to ByL3) can be set by a match
to an appropriate equatorial solution. For A < A,
(4) can be approximated as d>U./di’~
2Qa —(a/Lp)*A- U, where U. = U,(0), which for
dU./dA=0 on the equator integrates to U~
Ul — (a/Lp)*2% /6] + Qai?. This equatorial profile
can be matched on to the other at 2=/, (to within the
small angle approximation) for 4=(Lp/a)~"3/2 and
again U, ~ 2Qa(Lp/a)*®. Lp is the only free par-
ameter for this construction, but may itself be regarded
as a discrete eigenvalue of the equator-to-pole bound-
ary problem, corresponding to the inverse meridional
wavenumber. Since the zonal velocity must by defi-
nition vanish at the pole, the deformation scale may
be selected as Lp=a/(6n + 3), where n is an integer
equal to the number of alternating jet stream pairs
away from the equator. For this choice the flow is
cyclonically sheared at the pole, with ¢ ~ (Lp/a)*?/3.
Lp=a/6n would also give a vanishing velocity at the
pole, but with an anticyclonic shear there implying an

decrease of 0/A6 toward lower latitudes with respect to
its defined value of zero, which would be less statically
stable. In the real atmosphere the discrete selection of
Lp may be mediated by some diffusive readjustment of
the actual latitudinal boundaries for the PV mixing.
Then also including in an obvious way small correc-
tions for the estimated value of ¢ as it appears in (4),
the composite analytic expression for the zonal velocity

reads
4/3 2 3
Lp 1/ 2 NV
20u(2) [HE(Z) “avol(£) ]
for ) < J. = (Lp/a)*"?
5/3
L
’ (1 +s><7") 2,
c® 2Qa| ————=—2%—sin| = —A+/sin/
“ 24/sinA ' |:3 Lp ' i|
+(LD>2 cot A
a (1+¢)
for A > ¢

with Lp = a/(6n+3) and exA./3.

easterly velocity a short distance away and therefore a &)
Table 2
Numerical parameters for the modeled Jupiter and Saturn wind profiles
Parameter Jupiter Saturn
External/assumed
Planetary radius a (km) 71,490 60,270
Planetary (equatorial) rotation speed Qa (m s7h 12,568 9872
Jet number index n 8 3
Analytic derivations
Deformation scale
Lp=a/(6n + 3) (km) 1402 2870
Critical equatorial latitude
Je=(Lpja)*? (rad) 0.073 0.131
©) 4.2 7.5
Equatorial wind velocity
U,=2Qa(Lp/a)*? (m s™) 134 339
Equatorial peak velocity
Up=4U,/3 (ms™") 179 452
First easterly/westerly jet latitudes
Ar=3.72¢ (°) 15 28
Apw=15.27: (%) 22 39
Zonal jet curvature/$(60°)
U,,/B(60°)=(Lp/a)~ ' 3.7 2.8
Inverse peak global
Rossby number Rog! = Qa/U, 70 22
Estimated polar ¢ &~ (Lp/a)*?/3 0.024 0.044
Numerical solution results
Exact (numerical) ¢ for |1—0(0)/A0] < 107° 0.15748 0.24250
Equatorial wind velocity (m s~') 149.9 364.2
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Given the appropriate planetary size and rotation par-
ameters, as given in Table 2, n = 8§ and n = 3 appear
to provide a best match of (5) to Jupiter and Saturn,
respectively, as for the latitudinal wind and potential
temperature profiles plotted in Figs. 4 and 5. The
qualitative resemblance of the modeled profiles to
cloud tracked wind data for both planets is apparent
(cf Limaye, 1986; Ingersoll et al., 1984). Although (5)
cannot be regarded as a mathematically rigorous sol-
ution to (4), its approximate fidelity to the model can
be tested by its recursive evaluation with the assumed
balances from which it is derived. In particular, the
fractional difference of the deformation scale given by
the square root of the latitudinal integral of the rep-
resented profile (5) as defined by (3b) from the incor-
porated value Lp=a/(6n + 3) is only 0.017 for Jupiter

0.5

30 60 90

Fig. 4. Modeled latitudinal profiles of the zonal wind, potential tem-
perature, and PV variation for Jupiter with Lp=1402 km. The top
portion (a) shows the zonal velocity in m s~' over latitude (in
degrees). The solid curve shows the analytic profile (5) for a jet num-
ber index n = 8, the dash—dot curve the “planetary approximation”
to the model with U, zﬁoLé cot A, and the short dashed curve a nu-
merical solution, as described in the text. The middle portion (b)
shows the relative potential temperature contrast (0/A0), the solid
curve for a numerical integration of Eq. (2) using the analytic profile
(5) for the zonal wind, the dash—dot curve the planetary approxi-
mation, with §/A0 ~ l—sin A, and the dashed curve the numerical
calculation of 0/A0 as the absolute vorticity deficit given by (2) using
the analytic expression for the calculation of @ ~'9,U.. The large-
amplitude undulations shown by the short-dashed curve correspond
to the numerical solution. The lower portion (c) shows the normal-
ized PV variation, with the solid curve for the analytic profile, and
the short dashed curve for the numerical solution.

and 0.032 for Saturn. A further test is afforded by the
numerical evaluation of /A0 from the calculated shear
for the analytic wind profile in the PV balance Eq. (2),
shown as the dashed curves in the potential tempera-
ture plots of Figs. 4 and 5. While snugly fitted to the
equator, and tolerably matched for the first alternation
of the low-latitude jets, this comparison shows its lar-
gest discrepancies at A., where the analytic profiles are
joined, and near the pole, where the presumed esti-
mation of the latitudinally variable wavenumber is at
its worst. The recursively evaluated gradient of 6 from
the vorticity appears to be roughly half the needed size
for a perfect match to the polar jets, and suggests that
a more accurate representation of the assumed jovis-
trophic/PV balance might be attained by a latitudinal
profile with a comparably stronger amplitude for the
alternating flow. Although (5) can only be regarded as
a heuristic representation of the wind profile implied
by (4), it provides an analytic realization of both the
“planetary-scale” limit of cyclonic shear on the pole-
ward flanks of the equatorial jet and the high-latitude
alternation of jets over a horizontal scale comparable
to LD.

Figs. 4 and 5 also show for comparison, as the short
dotted curves, numerical solutions for the latitudinal
wind profiles and potential temperature obtained for
the same values of Lp=a/(6n + 3) for each planet, as
given in Table 2. These were derived by an iterated in-

400 | 7\
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Fig. 5. Modeled latitude profiles of the zonal wind, potential tem-
perature, and PV variation, as in Fig. 4, but for Saturn (note the
change in the velocity scale) with n = 3 and Lp=2870 km.
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tegration of the coupled equations (2) and (3) for the
assumed jovistrophic and PV balance, imposing as
boundary conditions a vanishing U and 0 at the pole.
Starting with an initial guess for ¢, the result of the
coupled integration of 8/A# to the equator was com-
pared against its assumed unitary value there. The
iterative correction of ¢ and the latitudinal integration
were repeated until solutions were obtained with
(1—0/A0) < 107°. As shown by the plots, both the
total number and the strength of the high-latitude jets
obtained by the numerical solutions are larger than for
the analytic representations. The search for solutions
by the adopted numerical procedure corroborates a
discrete selection of admissible deformation par-
ameters, analogous to that inferred for the heuristic
solution, with ranges of Lp for which 0/A# cannot be
brought to unity. Although not shown here, numerical
solutions can, however, be constructed with the same
assumed number of high-latitude pairs (eight and three
for Jupiter and Saturn), but with deformation scales
about 25% larger for each planet, reflecting the under-
estimate noted above for the polar wavenumber in the
analytic approach, and with still stronger jets at high
latitudes.

The lower panel (c) in each of Figs. 4 and 5 shows
the PV distribution corresponding to both the ana-
lytic profile and the numerical solution. Although the
baroclinic stability dependence for the generalized
Ertel PV or its application here to the assumed jovian
thermocline structure has not been established, it
might be conjectured that a negative poleward latitu-
dinal gradient is unstable, as in quasi-geostrophic the-
ory. If so, the stable readjustment of the “exact”
solution for the idealized PV parameterization might
account for the observed mostly weaker jets at high
latitudes more in agreement with the analytic rep-
resentation of Eq. (5).

Despite the apparent discrepancies, the numerical
solutions corroborate the qualitative sense of the alter-
nating jets expressed by the heuristic solution and to
good quantitative agreement the analytic estimate of
the strength and width of the westerly flow at the
equator, as well as the differences between Jupiter and
Saturn, as primarily related to Lp. [Discrete classes of
easterly equatorial jets can also be calculated by the
numerical procedure satisfying the assumed boundary
conditions and a unitary 6/A6 on the equator, but
these necessarily correspond to 6/A6 > 1 at higher lati-
tudes, which by (2) would imply an absolutely iner-
tially unstable profile, with a negative (or positive) PV
in the northern (or southern) hemisphere, as estab-
lished for the general case by Stevens, 1983.] Various
features of the flow profile as exposed to good ap-
proximation by the heuristic solution and its explicit
dependence on Lp or the jet number index are indi-
cated in Table 2. The latitudes of the first easterly and

westerly jets away from the equator, for example,
occur where the argument of sin[(sinl)"*2a//3Lp]
attains the value of 37/2 and 5=%/2, respectively, i.e. for
Jre & On/4)*3 ) and Jpw & (157/4)*3), in the small-
angle approximation. The ratio of the peak latitudinal
flow curvature to the Dbeta parameter is
U,/ B~(Lp/a)~3/2cos) for the analytic profile,
attaining values as large as 3.7 and 2.8 at 60° latitude
for Jupiter and Saturn, respectively, in rough agree-
ment with that observed for the westerly jets on both
planets (Sromovsky et al., 1983; Ingersoll et al., 1984;
Limaye et al., 1986) clearly exceeding the barotropic
stability limit of U,,=p. The derived relationship
between A, =(Lp/a)?”, regarded as a characteristic lati-
tudinal scale for the equatorial jets, and their speed,
U.=2Qa(Lp/a)*?, is consistent with the suggestion by
Hide (1966) that their width in radians should be of
order (U./2Qa)"">.

Once evaluated, the latitudinal profiles can be used
with the thermocline template, as specified by Egs.
(1la)—(1d), to construct meridional—vertical sections of
wind, temperature and other quantities of interest, as
shown in Figs. 6 and 7. Since with the exception of the
fast 163 m s~' jet at 24° north (planetographic) lati-
tude on Jupiter (Limaye, 1986), the observed cloud-
tracked winds more nearly resemble the analytic pro-
file, (5) has been adopted for these in an attempt to
represent the likely size of the jet-scale contrasts which
might be observed there. Again Lp and, therefore, the
equator-to-pole Af are by construction essentially the
same as for the numerical solution, and aside from the
artificial kink at the 1. matching point, the equatorial
jets represented by (5) are in good quantitative corre-
spondence with the exact (numerical) solution.

The strong vertical shear indicated for the equatorial
region in the modeled Jupiter example clearly exceeds
that measured at deep levels by the Galileo Doppler
wind experiment (Atkinson et al., 1998). It is not clear,
however, to what extent the sampled “hot spot” lo-
cation at 6.5° planetocentric latitude, apparently typi-
cal of only 15% of the surface area of the equatorial
region (Young, 1998) can be regarded as an accurate
characterization of the vertical shear of the zonal
mean flow. While the Galileo Doppler results provide
compelling evidence for an equatorial flow depth
exceeding 20 bars, as well as an indication (robust to
the 1—o data level) of some decrease in wind speed
with increasing depth between 5 and 12 bars, the
actual vertical shear at the entry site almost certainly
varies somewhat from the zonal mean, since otherwise
its thermal wind balance could not support the anoma-
lous local temperature variation observed by Orton et
al. (1998). Although the comprehensive modeling of
the hot spot circulation is beyond the scope of this
paper, Appendix C outlines simple quantitative esti-
mates plausibly accounting for the compatible differ-
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ence between the Galileo Doppler wind shears and the
zonal mean flow modeled in Fig. 6.

As pointed out by Williams (1997), the close agree-
ment between the Galileo Doppler wind speed and
that for angular-momentum conserving flow at the
entry latitude, as circulated from some vanishing vel-
ocity level over the equator, seems “‘almost too close
to be coincidental”. For a specific angular momentum
M = acosA(U+Qacosl) equal to its value at the
equator, Uy, =Qa sin’1/cosi. As evaluated with Qa =
12,568 m s~! for Jupiter at latitudes of 6-7°, for
example, U, ~ 138-188 m s™', as compared with the
Doppler measured speed of about 170 m s~' (Atkinson
et al., 1998). This “‘coincident” feature of the Doppler

wind measurement appears to be in consonance with
the constructed thermocline section for Jupiter. Fig. 6
shows as heavy dashed curves contours of specific
angular momentum intersecting the 3 bar level at 4, 6,
8, and 10° latitude. As anticipated by Allison et al.
(1995), the modeled angular momentum surfaces are
approximately parallel at upper levels to the potential
temperature surfaces, as for a nearly vanishing Ertel
PV in the equatorial region (cf Allison et al., 1994),
and the constant-M surface intersecting the upper level
flow at 6° latitude is rooted down to deep levels on the
equator a short distance above the bottom of the flow
layer. Although ‘“‘angular momentum conserving flow”
is typically associated with an axially symmetric regime

Latitude deg

Fig. 6. Thermocline section for the Jupiter model with p,=44 bar. Upper portion (a) shows potential temperature as short-dashed, color-filled
contours increasing upward in 10 K increments. Heavy dashed curves show contours of specific angular momentum intersecting the 3 bar level
at 4, 6, 8, and 10° latitude. The thin solid lines show constant surfaces of (the downward increasing) PV field intersecting the pole at 1, 3, and 10
bars. Lower portion (b) shows the kinetic temperature as dashed, color-filled contours decreasing upward in 20 K increments. Solid curves show

the westerly flow contoured at intervals of 20 m/s.
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(e.g. Held and Hou, 1980), the maintenance of the
local maximum of specific angular momentum over the
equator requires some ‘“‘up-gradient” eddy transport,
as discussed by Hide (1969) and Read (1986b). While
the adopted PV recipe for the modeled Jupiter thermo-
cline avoids any specific assignment of the relative
roles of eddies and symmetric mean flow in this region,
the exposed link between the Doppler wind measure-
ment and the deep equatorial level may suggest an im-
portant constraint on the meridional—vertical structure
of explicit three-dimensional models for the mainten-
ance of the equatorial jet. The constant angular
momentum surfaces are also approximately parallel to
the potential temperature surfaces shown for the mod-
eled Saturn thermocline in Fig. 7. In this case, how-

ever, the constant-M surface intersecting the peak
equatorial velocity at upper levels is rooted down to a
relatively higher level above the equator where the
wind is already built up to nearly half its strength
aloft, consistent with the larger potential temperature
contrast and the stronger equatorial jet speed. It may
be of some interest that the illustrated potential tem-
perature surfaces appear to offer a connection between
the lowest half-scale height of the wind layer at all lati-
tudes and upper levels approaching the emission layer
at the pole. Could these be the conduits for the
upward-poleward redistribution of the internal heat
flux of both planets? Although the level of no motion
is by construction coincident with the z*=0 level, it is
also of some interest that the modeled sections for
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Fig. 7. Thermocline section for the Saturn model with py=100 bar. Upper portion (a) shows potential temperature as short-dashed, color-filled
contours increasing upward in 20 K increments. Heavy dashed curves show contours of specific angular momentum intersecting the 3 bar level
at 4, 6, 8, and 10° latitude. The thin solid lines show constant surfaces of (the downward increasing) PV field intersecting the pole at 1, 3, and 10
bars. Lower portion (b) shows the kinetic temperature as dashed, color-filled contours decreasing upward in 20 K increments. Solid curves show
the westerly flow contoured at intervals of 50 m/s. (A high-latitude 50 m/s easterly contour is also shown dashed.)
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both planets show a poleward-upward displacement of
the lowest contoured isotachs for the predominantly
westerly flow.

5. Perspective

On the opening day of the symposium in Nantes
where this paper was presented orally, Dr Daniel Gau-
tier reminded the assembled participants that we were
meeting in the home city of Jules Verne (1828—1905).
Finding his material in the geophysics, astronomy, and
mechanics of his day, Verne’s devotion to the “facts”
then at hand is renowned. His account of a lunar voy-
age includes a review of the equations of orbital astro-
nautics and from the seagoing Nautilus he provides
enough information about the width and depth and
speed of the Gulf Stream for an estimation of its ther-
mal current balance and vorticity. But in his storied
excursion to Jupiter (1877, Off on a Comet), Verne an-
ticipated the outstanding puzzle of the cloud bands
even as they might be observed from a distance of
only 43 million miles, remarking that “‘the physiology
of belts and spots alike was beyond the astronomer’s
power to ascertain ...”

Knox and Croft (1997) have discussed the value of
“storytelling” in the education of meteorologists, and
emphasize among several vivid examples the concept
of PV, suggesting that “PV thinking allows one to
look beyond the myriad details of the dynamical evol-
ution of the flow and skip to the end ...” (of the
story). This paper attempts to present a particular
“story” for the jovian dynamics, assuming an internal
entropy contrast for a dynamic weather layer plausibly
consistent with the Galileo probe measurements and
accumulated wave diagnostics, along with a smoothly
stirred variation of PV for the associated ‘“‘thermo-
cline”. Although mathematically idealized, the inten-
tion is to provide a quantitatively explicit account of
the Jupiter wind currents, specifically simple and con-
crete enough to suggest its refutation or useful qualifi-
cation with new missions and measurements.

The reference to the hypothesized latitude—height
structure as a ‘“‘thermocline’” stands in a long line of
comparisons of the jovian dynamics to the oceanic cir-
culation (e.g. Williams, 1975). Its usage for the giant
planets was anticipated by Arthur Clarke’s imaginative
but remarkably prescient (1973) story of Jupiter’s
equatorial cloud zone, and the oceanic density struc-
ture seems to offer an especially pertinent parallel to
the proposed variation of potential temperature in the
jovian troposphere. As described by Pedlosky (1996),
the (oceanic) ‘... density field in fact varies so
strongly that the overall horizontal variation in density
is as large as the overall vertical variation in density in
each of the gyres. This implies that an explanation of

the observed density field requires, at a minimum, a
relaxation of the quasi-geostrophic approximation ...
Moreover, we anticipate that the horizontal and verti-
cal structures are linked through the motion field. This
is the problem of the thermocline”. As with the ocea-
nic currents and gyres, the parametric representation
of the PV distribution on Jupiter may present an
insightful approach to the modeling of the interdepen-
dent temperature—velocity structure.

Stommel’s (1954, 1955) inertial model for the wes-
tern intensification of the oceanic Gulf Stream is a
vivid antecedent to this way of thinking. Defining a
thickness of water & between the 17 and 19°C iso-
therms of the upper Stream, Stommel noted that since
the relative vorticity of the Sargasso Sea (toward the
open ocean) nearly vanishes, the cross-stream conser-
vation of potential vorticity may be expressed as
(f+av/ox)=f(h/hg), where ho is the vertical distance
between the isothermal surfaces in the stagnant waters
to the east. The charted current speed derived from
the integrated vorticity, v(x)= [ f(h/ho—1)dx, shows a
remarkable agreement with the geostrophic velocity as
directly computed from the thickness variation and
suggests that the width of the Stream may be con-
trolled more by purely inertial effects than by eddy vis-
cosity. The coupled constraints of geostrophic balance
and PV conservation can be expressed as a simple re-
lation for the exponential eastward drop of the north-
ward flow from its western maximum over a
horizontal deformation scale, related to the baroclinic
stratification, also given as Lp= V./f- Stommel’s
simple idea has figured in many later refinements of
ocean current theory (e.g. Huang and Stommel, 1990),
and was the original inspiration for the present study
of Jupiter.

Jupiter, like the Earth, is a rapidly rotating planet
for which the potential temperature (®) variations as-
sociated with colder-poleward regions of the atmos-
phere are balanced by the Coriolis acceleration of
vertical (thermal wind) shear toward upward-stronger,
west-to-east flow. While the kinetic temperature
decreases upward within the tropospheres of both pla-
nets, the accounted compressibility adjustment of the
defined potential temperature implies its wupward
increase everywhere within their statically stable wind
layers, as for oceanic temperature. Unlike the Earth’s
atmosphere, however, where horizontal gradients are
strongly loaded on to the ground, Jupiter has no rigid
lower surface. As an adiabatically conserved variable,
directly related to the entropy, ® is homogenized by
convection, and on Jupiter, the deep internal convec-
tion maintains a vanishing horizontal ® gradient at
the bottom of its wind layer, coincident with the low-
est level of a region of concentrated, upward-decreas-
ing static stability.

The deep stable region may be imposed by some
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microphysical-dynamical adjustment of condensed
water or by a deeply embedded layer of efficient radia-
tive transport, consistent with the diagnostic indi-
cations of equatorial wave dispersion and associated
stratospheric propagation, the slow westward drift
(with respect to System III) of Jupiter’s Great Red
Spot, the shock-front analysis of the SL9 impacts at
Jupiter’s mid-latitudes, and most recently the direct in-
situ measurement of downward-increasing stability
(and water abundance) from the Galileo entry probe.

Gradients of wind and temperature above the bot-
tom of the wind layer within the jovian “‘thermocline”
imply a direct correlation of horizontally warmer ®
with more vertically layered ®. This warmer—stabler
correlation is just the reverse of that on the Earth
where colder-poleward latitudes are more statically
stable. The difference between the two planets is again
a direct consequence of their very different lower
boundaries and stratifications. While the Earth’s at-
mosphere exhibits a “top-down” unpacking of ® sur-
faces, nearly flat at the tropopause, but strongly
graded at the surface (cf Fig. 1), Jupiter unpacks its ®
surfaces from the bottom-up, flat at the bottom of the
wind layer, but nearly vertical toward the top, as
scaled by the vertical-to-horizontal aspect ratio (cf
Fig. 2), and the near-vertical slope of ® surfaces
within the upper wind layer implies a self-similar link
of vertical shear to the wind itself at each level (by the
therefore separable vertical integration of the thermal
wind equation). The resulting “‘jovistrophic’” balance
means that ©® surfaces are sloped upward/downward
toward the pole in direct proportion to the strength of
the westerly/easterly flow, as weighted by the sine of
the local latitude (zero at the equator and one at the
pole).

The jovistrophic wind balance may be numerically
calibrated in terms of an associated ‘“deformation
scale” (Lp), defined in proportion to the square root
of the product of the gas constant and the vertical ®
contrast at the pole, divided by twice the planetary ro-
tation frequency, but scaled by a roughly order one
factor depending weakly on the uncertain depth of the
flow layer. Although the as yet unobserved flow depth
and the full ® contrast cannot be uniquely selected
from among a physically plausible range of tradeoffs
of one against the other, the Lp parameter is itself
uniquely related to the latitudinal flow profile at some
evaluated level. The jovistrophic scaling velocity is just
the square of Lp times the equatorial “beta par-
ameter” (itself twice the planetary rotation frequency
divided by the planetary radius).

The layered packing of © surfaces in the atmosphere
also represents a reservoir of vorticity. The “relative
vorticity” is the negative latitudinal shear of the flow,
by definition cyclonic wherever the winds are more
strongly east-to-west (or easterly) in the poleward

direction, and anticyclonic wherever more strongly
westerly-poleward. The “planetary vorticity” or “Cor-
iolis parameter” is just twice the planetary rotation fre-
quency times the sine of the local latitude, and the
sum of the relative plus planetary vorticity is com-
monly referred to as the ““absolute vorticity”. The po-
tential vorticity or PV is essentially the product of the
static stability and the absolute vorticity.

The at first seemingly obscure concept of PV visual-
ization repays its studied engagement with a simple
geometrical portrayal of complex dynamical balances.
Although the dynamically equilibrated state is presum-
ably determined by competing budgets for both
upward and poleward transports of momentum and
potential energy, both by eddies and mean-meridional
circulations, the available observations, numerical
modeling, and theoretical stability studies suggest that
the accumulated effect of these may be generally
characterized by approximately monotonic and locally/
globally smoothed PV distributions. (A change in the
sign of the PV or its latitudinal gradient within each
hemisphere, for example, are well-known flags for
dynamical instabilities, typically resulting in a PV read-
justment to something near its marginally neutral
state.) On the Earth, the observations plotted in Fig. 1
show a positive-poleward PV gradient concentrated in
the vicinity of the ‘“‘sub-tropical” jet, with relatively
slow variations at both lower and higher latitudes. The
strength of the terrestrial flow itself corresponds to the
thermal wind balance of a dynamically mediated re-
duction in the radiatively forced equator-to-pole ©
contrast that would exist in the absence of motions,
consistent with a nearly monotonic poleward PV.

Although the PV distribution within Jupiter’s deep
thermocline is as yet unobserved, it too may be
expected to vary almost monotonically over latitude
from zero at the equator toward its polar value, but
with some local variation in step with local changes in
relative plus planetary vorticity and temperature. An-
ticipating an overall decrease in ® from equator-to-
pole for the “‘jovistrophic™ balance of the strong equa-
torial jet and predominantly west-to-east circulation,
suppose the PV varies over latitude as the normalized
deficit of the squared horizontal ® contrast, as
measured with respect to its polar value. This would
imply a vanishing PV at the equator (where the deficit
of the squared ® contrast is small) and a dispropor-
tionate, nearly level smoothing toward high latitudes
(where the deficit for a small relative ® difference
changes slowly with respect to its polar value). The
same recipe provides a good fit to the equator-to-pole
variation of PV at 200 mb in the Earth’s atmosphere,
as shown in Fig. 1. But for the assumed jovian ther-
mocline, the relative latitudinal ® contrast is the same
as the latitudinally variable augmentation of the static
stability with respect to its value at the pole. For Jupi-
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ter, the PV recipe therefore specifies a deficit for the
relative ® contrast equal to the normalized absolute
vorticity.

Again, the ‘‘jovistrophic” balance of the tropo-
spheric circulation implies an upward-poleward (or
downward-poleward) deformation of ® surfaces for
westerly (or easterly) flow, as for colder-poleward (or
warmer-poleward) temperatures; while the correlated
PV distribution specifies a normalized absolute (rela-
tive plus planetary) vorticity given as the deficit (or
one minus) the relative ® contrast. Now away from
the equator, poleward of the “horns” of the equatorial
jet, the planetary vorticity dominates the absolute vor-
ticity, and the overall decrease of planetary vorticity
from high to low latitudes implies a decrease in the ®
deficit and, therefore, a compensated increase in war-
mer temperatures there. The jovistrophic balance of
warmer temperatures toward lower latitudes corre-
sponds to an equatorial intensification of west-to-east
flow, as in the cyclonic flanks of the equatorial jet. The
effect is analogous to Stommel’s inertial model for the
westward intensification of the faster—thinner flow of
the Gulf Stream, but controlled by the latitudinal vari-
ation of the Coriolis parameter, as well as the layered
Q.

Within the horns of the equatorial jet, the ® con-
trast is very nearly unity, and the absolute vorticity is
nearly zero, as for an anticyclonic flow shear equal to
the equatorial planetary vorticity. But on sub-plane-
tary scales away from the equator, comparable to the
spacing of the mid-latitude jets, the latitudinal variation
of the absolute vorticity is dominated by the latitudinal
variation of the relative vorticity (or latitudinal flow
curvature). This means that latitudinal changes in the
horizontal shear of the jets correspond to latitudinal
changes in static stability and ® (in the sense that
more-cyclonic poleward regions are also cooler-pole-
ward), and the associated jovistrophic correlation of
temperatures with the flow velocity implies an alterna-
tion of the flow direction over latitudinal scales com-
parable to Lp. West-to-east flow near the pole, for
example, implies a jet curvature extending to east-to-
west flow in the equatorial direction implying a jet cur-
vature extending to west-to-east flow implying ... a
successive, ever-after alternation down to the equator-
ial jet.
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Appendix A. Potential vorticity, gradient balance, and
the jovian regime

As formulated by the conservation theorem of Ertel
(1942), the PV may be defined as ¢ = p~'¢, - VO,
where p is the density and {, =V x (U+Q x r) the vec-
tor absolute vorticity, with U the vector velocity rela-
tive to the planetary rotation velocity Q x r. For
zonal-mean motion in a baroclinic, but vertically
hydrostatic atmosphere on a sphere of radius «, using
the log-pressure coordinate z*=1In( po/p) to measure el-
evation in scale heights (H= RT/g) above the reference
pressure p,, the Ertel PV

~[aU 80 90
q = (g/poe [@ Y +( +f)8z*

} (A1)
(cf Stevens, 1983). Here g is the gravitational accelera-
tion, U the zonal mean velocity, ( =
—(acos))"'9(Ucos))/dA the zonal-mean relative vorti-
city on a sphere of radius ¢ and f = 2Q sin/ the verti-
cal component of planctary vorticity or Coriolis
parameter at latitude 4. To the extent that the relative
vorticity can be evaluated on a constant-® surface (as
{e), this is equivalent to g = (g/po)e” (o +/f)3®/dz*,
as sometimes used in terrestrial weather maps (cf Hos-
kins et al., 1985).

The Ertel PV should not be confused with the shal-
low water PV, gsw=({+/f)/D, assuming a discrete
layer of constant density fluid of variable thickness D,
or with any of several forms of the quasi-geostrophic
(or  “pseudo”) PV, eg g = fo +
By+{+fo e 0-[e 7 0(0-O) "], as restricted to sub-
planetary scale domains and with an assumed horizon-
tally uniform static stability (00/dz*) or mean thick-
ness parameter. Although dgqg/df = 0 can, under
certain special circumstances, represent an appropriate
approximation to the conservation statement dg/dz =
0, gog itself is not an approximation to the Ertel PV,
as noted in the Appendix of the book by Hoskins and
Pearce (1983).

Now for gradient-balanced, zonal-mean motion on
the sphere

(1+ U/QacosA)foU/dz* = —RAT/ad A (A2)
and the PV as given by (A1) can be expressed as

2tanA
a Ri

g=5< [(c vy - My Qacosl)}a—? (A3)
Do dz

where
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. R-e™30@/dz* r
Ri= 5 = 5
(BU/dz¥) BU/dz%)

(A4)

is the Richardson number, equivalent to the squared
ratio of the Brunt—Vaisila frequency to the vertical
wind shear. Expanding the metrical form of the rela-
tive vorticity on the sphere, { = —(acosl) 'd(Ucosl.)/
04=—0U/adl+ Utani/a, (A3) can be rearranged with
grouped factors of Ri and Rog = U/Qacosi as

ge’ oU f < U
= - — — =11
4 o |: aol +/ Ri + Qacos/.

U R.)]a@ 45)

" 2Qacosi ) oz

Then for Rog < 1, but arbitrary Ri (the terrestrial
geostrophic  regime), @go = (g/po)e” [—0U/adl +
Utan//a +f(1 — Ri~")]a®/dz*, the same as Eq. (6.2) of
Hitchman and Leovy (1986), and since under typical
terrestrial conditions, Ri>Rog', the familiar form of
grp ({+f)d®/dz* is a good approximation to the
Ertel PV for this parameter setting.

On the jovian planets, however, where Rog is gener-
ally even smaller than on the Earth, it appears likely
that Ri < Rog', as previously proposed by Gierasch
(1976). At the cloud-tracked wind level, Rog'=
Qacosl/ U is about 70 for Jupiter’s equatorial jet or 20
for Saturn’s. Inertial stability demands that ¢/f'> 0 (cf
Stevens, 1983) and, as noted by Allison et al. (1995), a
fit of the cloud-tracked wind profiles for Jupiter and
Saturn to plausibly small variations in the PV within
their equatorial jets suggests that Ri ~ 2-3 there. At
higher Ilatitudes, weaker winds would imply larger
values for Ri (assuming a static stability decreasing
less rapidly than the squared vertical wind shear), but
also larger values for Rog'. Then assuming a realiz-
ation of the parameter setting Rog < 1/Ri < 1, (AS)
reduces to the especially simple form

ge’ oU | |0®
ovi~ —— | — ——= . A
Govix =, [ a9 H] P (A6)

The more essential distinguishing feature of the jovian
regime is its implied small ratio of vertical-to-horizon-
tal potential temperature gradients (as scaled by the
vertical-to-horizontal aspect ratio of the atmosphere),
as discussed by Gierasch (1976) and Allison et al.
(1995). This means that the latitudinal PV gradient
will depend importantly on the horizontal variation of
the static stability, as implied by the assumed potential
temperature structure given by Eq. (1). Then for 00/
9z =" T'/R and a static stability index given by Eq.
(1b) as T = To(1 + 0/A0)e~1/o+97" | with Ty = (RAO/S),
the PV of the jovian thermocline becomes

__(8A0 (11/5)z*[_ﬂ }( i)
i = (50 |1 g) @

Then specifying gy in terms of a normalized function
II(Z, z*) = q(4, z)/qy(z"), expressing its ratio to its
polar value g, at the same level, the latitudinal “PV
balance” for the deep jovian troposphere reads

(f—a"a,U)1+0/A0) = 2Q(1 + &)[I(J, z*) (A8)

where ¢ denotes the ratio of the relative to planetary
vorticity at the pole. This neglects the augmentation of
the static stability within the radiative topping layer
aloft, as appropriate for pressures greater than 2 bar.
IT is by definition unity at the pole and, excluding
some equatorial asymmetry, necessarily zero at the
equator. Eq. (A8) is by itself simply a normalized rep-
resentation of the Ertel PV for the assumed jovian
thermocline. Its essential novel feature is its represen-
tation of the fully variable static stability in terms of
the horizontal potential temperature contrast of the
assumed jovian wind layer.

Appendix B. Analytic waveguides and inferred static
stability for the deep jovian troposphere

Allison (1990) proposed a simple model for the duct-
ing of waves in Jupiter’s equatorial atmosphere,
intended to provide a coherent account of apparent
vertical oscillations in the Voyager radio occultation
retrievals of stratospheric temperatures (Lindal et al.,
1981), as well as their assumed correspondence with
imaging and infrared observations of the equatorial
plumes (e.g. Hunt et al., 1981). Modeling a leaky
waveguide with a sandwiched, piecewise-constant static
stability I'y of thickness d (scale-heights) overlying an
adiabatic interior and surmounted by a weakly stable
troposphere aloft, the analytic approximation to the
numerically evaluated eigenvalue problem implied a
gravest “‘equivalent depth” sy with

(gho)'* ~(d T)'? (B1)

where g is the gravitational acceleration.

Ingersoll et al. (1994) proposed a similar
tropospheric waveguide for the ducting of antici-
pated wave fronts generated by the SL9 impacts
on Jupiter, but assuming a more realistic continu-
ous variation of the deep-seated stability equivalent
to Ty exp[—(1/0+x)z*] =T¢ exp(—2z*), with the
result that

(gho)'/* ~(2/m)Ty/>. (B2)

This would therefore be comparable to the model
proposed by Allison (1990) for a stable Ilayer
thickness d ~ (2/n)*> ~ 0.4. Ingersoll and Kanamori
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(1995) and Hammel et al. (1995) applied the exponen-
tial waveguide model to the observed expansion of the
SL9 shock fronts, interpreted as deeply ducted gravity
waves. With  c.=(gho)'> ~ 450 m s,
(NH)y = F(l)/zz707 m s~ !, as indicated for comparison
with the modeled stability profile shown in Fig. 3. This
idealized model, corresponding to NH varying inver-
sely with the pressure depth, is the same as the vertical
structure implied by Eq. (1b) for the assumed jovian
thermocline template with an e-folding scale
5=Q2—x)"" ~ 0.59. As discussed by Allison and
Atkinson (1998), a deep region of downward increas-
ing stability of the same form is suggested by the
apparent long-period variation of the Galileo probe
Doppler frequency residuals at levels between 2 and 20
bars over roughly even pressure intervals (cf Fig. 7 of
Atkinson et al., 1998), interpreted as small-scale grav-
ity waves.

Allison (1990) suggested that sy ~ 1-5 km provided
a reasonable match to the apparent stratospheric
wavelengths in the Voyager radio data, as well as
plausible constraints on the horizontal dispersion prop-
erties and equatorial trapping distance of the plumes,
interpreted as equatorial Rossby waves drifting to the
west with respect to the mean zonal flow at some 50 m
s~!. More recently, Ortiz et al. (1997) have provided a
convincing corroboration of a wave phase drift of 40—
50 m s~ for equatorial thermal features in the vicinity
of the 2 bar level on Jupiter, based on a time series
analysis of 5 um features tracked over three years at
the Infrared Telescope Facility. Then for the inferred
range of equivalent depths (B2) would imply (NH )y <
530 m s~!, somewhat less than the result of Ingersoll
and Kanamori (1995) for the mid-latitude region of
the SL9 impacts. As noted, however, by Ortiz et al.,
the neglect of vertical shear in the wave diagnosis by
Allison (1990), along with uncertainties in the mean
zonal flow at the sounding level, could imply an under-
estimate of /iy (and therefore the static stability at dee-
per levels), as suggested by a simple Doppler-shifted
adjustment of the linear dispersion relation. The same
problems would also apply to the Lgr scale adopted by
Williams and Wilson (1988), as evaluated for the
observed relative westward drift of jovian vortices.

The diagnosis of the SL9 impacts by Ingersoll and
Kanamori (1995) is much less susceptible to the uncer-
tain effects of mean flow and wind shear, owing to the
much larger phase speeds of the interpreted gravity
waves and may for this reason be regarded as a more
reliable calibration of the deep static stability on Jupi-
ter. The SL9 result is also an important indication of
deep static stability extended to mid-latitudes.

If the static stabilization is maintained by conden-
sation processes, the vertical e-folding scale ¢ for the
potential temperature variation at deep levels could be
less than ~0.2 pressure scale heights (cf Barcilon and

Gierasch, 1970; Acterberg and Ingersoll, 1989; Del
Genio and McGrattan, 1990), implying a possibly
large offset of the temperature from the deep adiabat.
Although the actual deep stability structure may there-
fore have a different vertical scale than for the ideal-
ized model (0 ~ 0.59 in the notation used here),
Ingersoll et al. (1994) indicate that its resonant re-
sponse function is similar to that numerically calcu-
lated by Acterberg and Ingersoll (1989) for a moist
adiabat with a slightly larger (NH), value, a slightly
smaller pressure depth, and an e-folding scale for the
associated potential temperature gradient roughly
equivalent to 6 ~0.16.

If the stable structure is maintained by a deep radia-
tive layer, its vertical scale could be ~1 or larger (cf
Figs. 5 and 6 of Guillot et al., 1994). Although the
real situation is as yet poorly constrained by the obser-
vations, the waveguide interpretation requires a deep
but vertically isolated stable region, with 6 small com-
pared to the total thickness z} for the tropospheric
wind layer. While there are no available analytic sol-
utions to the equivalent depth for an exponential
waveguide with an arbitrary e-folding scale, the com-
parison of (B2) with the result (B1) for a sandwiched
piecewise constant stability model suggests that (NH ),

may scale roughly with (0.6/0)".

Appendix C. Galileo probe winds versus the zonal mean
flow

If, as pointed out by Showman and Ingersoll (1998),
the probe descended within the periphery of a local
vortex, then the interpretation of the Doppler measure-
ment could involve a large centripetal modification to
the zonal thermal wind balance. They also point out
that both the Doppler and probe accelerometry retrie-
vals assume perfect zonality and could, therefore, bear
the sensitive convolution of meridional motions. Show-
man and Ingersoll (1998) favor an anticyclonic in-
terpretation of the probe descent region, as for a
gradient wind balance with a negative radius of curva-
ture r. &~ —4000 km, and a corresponding locally war-
mer-poleward temperature gradient. Their
interpretation affords a possible account of how the
probe site could be warmer than the equatorial region
to the south and, therefore, of a lesser local density at
deep levels perhaps suppressing the rise of moist
plumes from below.

If, however, the 5 um ‘“hot spot” where the probe
entered the atmosphere really corresponds to emission
from a deeper cloud-free region, actually both cool
and cyclonic with respect to its surroundings at the
same level below the cloud deck (as described for simi-
lar features by Conrath et al., 1981), then the relevant
radius of curvature would be positive. (This would
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also be consistent with the adopted PV-® parameteri-
zation implying a correlation of cooler regions with
cyclonic shear.) To the extent that the probe Doppler
winds are at least comparable to the actual zonal
mean flow, and that this is geostrophically balanced as
assumed for the modeled jovian thermocline, the local
latitudinal gradient of temperature at the probe site
must represent only a small departure from the zonal
mean gradient at the same latitude and level. Then by
a comparative application of the separate thermal
wind shear equations for the zonal mean and the local
gradient flows, as expressed by Eqgs. (4) and (6) of
Showman and Ingersoll (1998), 0U,ona/0z*~(1 +
2Uprobe/7ef0)d Uprove /32" With fy ~ 4 x 107> s7" at the
probe entry latitude, Upone & 170 m s~! as measured
by the Doppler wind experiment, and taking r. =
+4000 km, the implied zonal mean vertical shear
9 Usonal/ 02 X3 X 0 Upobe/dz*, more nearly consistent
with the indication of the modeled isotachs shown in
Fig. 6. If r. were as small as implied by the roughly 1°
or 1200 km (2 pixel) latitudinal span of the bright cen-
ter shown in Plate 3 of Orton et al. (1998), the probe
vertical shear would be about 1/10 that of the zonal
mean flow.

If the modeled thermocline turns out to be qualitat-
ively correct, then presumably the strength of the swirl
at the probe entry site would have to be rapidly dimin-
ished somewhere below 20 bar toward deeper levels co-
incident with the bottom of the wind layer, where the
local temperature gradient of the vortex would necess-
arily be very different from that of the zonal mean
shown in Fig. 6. The implied strong gradients and
shear near the bottom of the cyclone could be sup-
ported, however, by the relatively strong static stability
consistent with the assumed vertical structure. The
only firm limit would be the inertial stability of the
axisymmetric vortex, requiring a Richardson number
Ri > 1, with 9U/dz*=NH/Ri'?. Assuming the static
stability at the bottom is as large as that inferred by
Ingersoll and Kanamori (1995) from the SL9 impacts,
with (NH), ~ 700 m s~' (see Appendix B), but with
Ri as large as four in the vortex, for example, the ver-
tical shear could be as large as 9U/dz* ~ 350 m s,
admitting a build-up to the Doppler wind speeds
within a layer above the bottom of the flow layer as
thin as Ulﬁ,mbe(aU/Bz*)*1 ~ 170/350 m s~ ~ 0.5 scale
height.

Assuming the deep vortex has a temperature struc-
ture of the same form as specified by Eq. (1),
0, T=e" (1 —e77/°)9,0x9,0, for 6 <z* < 1, and
by vertical integration of the gradient thermal wind
equation, its radial temperature depression would be
given as Rz*0, T~ (V 2/rc + V), where V is the swirl
speed. Although the radial distribution of the swirl is
itself apparently unknown, suppose this varies inver-
sely with distance from its center, beyond the esti-

mated radius of curvature r., with Vin & Uprobe(re/T).
This would be consistent with a reduction of the angu-
lar velocity of the swirl to 1/2 the local planetary vorti-
city fo at a radial distance ry ~ (2U1[,roberc/ﬁ))”2 and a
corresponding ‘“‘compactness’” ro/r. X (2Uprobe/rcfo)1/2
in the range of 4—2 for r. ~ 500—2000 km. Then for r,
< Uprovelfo ~ 4000 km, U2, r2/r ~Rz*8T/dr, and
upon integration from r. to the far field (at r =~
ro>r.), the radial temperature contrast for the local
vortex would be ATxU pzmbe/2Rz*, approximately
independent of r.. With a rooted shear zone for the
vortex as small as z* ~ 0.5, this would imply A, T =~
8 K (cooler) at deep levels, as realized at a pressure in
the vicinity of 17 bar, as indicated in Table 1. As
diminished with height by a factor (p/po)*, as for a
modeled thermocline with a bottom pressure of 30—50
bar, the corresponding local thermal depression at the
1 bar level would amount to no more than 2-3 K.
This compares favorably with the slightly cooler tem-
peratures observed by the Atmospheric Structure
Instrument (ASI), as these differ from remote sensing
measurements, and consistent with their interpretation
by Orton et al. (1998) that this is “probably because
the low-temperature ASI features are confined to
regions smaller than the ~6000-km resolution of the
remote sensing”’.

While these estimates are only the barest sketch of a
coherent model of the interpreted “‘hot spot™ circula-
tion, greatly simplifying the probable nonlinear vortex-
mean flow dynamics, they suggest that the vertical
structure of the zonal mean wind for the modeled
Jupiter thermocline may be roughly consistent with the
Galileo Doppler data. Alternatively, dynamically simi-
lar but much deeper thermocline models could be con-
structed with weaker vertical shears above the 20 bar
level, for a depth of vanishing motion extending well
below the specific examples constructed for illustration,
perhaps down to several hundreds of bars. Williams
(1997), for example, has performed numerical simu-
lations of planetary vortices with a baroclinic Jupiter
model with assumed zonal winds fitted at the top to
the Galileo Doppler data, but approaching a level of
no motion at represented depths some 400 km below.
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